Abstract
Introduction
The development of molar crowns is a complex process that begins in the 28th week of gestation. The result are teeth shaped in a universal pattern with highly personalized details. In the case of a eugnathic dentition, this morphology enables a finely balanced function of static and dynamic occlusion. In a dysgnathic dentition, however, this functional balance can only be achieved through orthodontic treatment or by restoring lost tooth structure. It is therefore essential to have knowledge of the individual's tooth shape and the average morphology of the individual's ethnic group. The first molar (M1) plays a key role in this context [1] : Discrepancies in the mesiodistal diameter between permanent first molars on the left and right sides were described in connection with the development of asymmetric malocclusions [2] .
To a large extent, tooth morphology is determined genetically [3] but can be modulated by external factors. High conformity in the tooth morphology of monozygotic and dizygotic twins [4] supports this hypothesis.
This study focuses on two hypothetical aspects that influence molar morphology:
1. Ethnicity: The influence of ethnicity on tooth form has long been described [5] but is rarely factored into current orthodontic concepts. Forensic dentistry, however, frequently uses tooth morphology to assign ethnicity [6, 7] .
2. Cleft lip and palate: Akcam et al. found evidence that there is a correlation between cleft lip and palate and smaller premolars [8] . However, this statement was based only on linear measurements on plaster models.
If these influences significantly change the morphology of teeth, the automatic CAD/CAM generation of restorations and orthodontic attachments should not be based on generalized algorithms.
Although the morphology of molars has long been an issue in anthropology [9] , few systematic investigations have been conducted in the field of orthodontics.
Questions
1. Are there characteristic differences in the size and shape of first molars in the maxilla (upper jaw) and mandible (lower jaw) between Europeans, Asians and Europeans with unilateral cleft lip and palate?
2. Are there differences in first molar morphology between the right and left side of the dental arch?
3. Does unilateral clefting influence the morphology of first molars?
Materials and methods
For this retrospective study, 1000 plaster models were examined from the archives of a Department of Orthodontics. After consulting the ethics committee of the institution, an ethics approval for this type of study was deemed unnecessary since no information was used that would allow connections to be made to private patient information. All models were analyzed anonymously and no patients were directly involved in the study. All plaster models were taken from an archive that was set up for research purposes and no plaster models were made for the sole purpose of this study. preparation of the manuscript. The specific role of this author is articulated in the 'author contributions' section.
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All models were manufactured in the same dental laboratory (Alginate impressions: Tetra chromium, Kanidenta GmbH & Co. KG, Herford, Germany; Siladent Ortho Plaster, Siladent Dr. Böhme & Schöps GmbH, Goslar, Germany). Models were interrelated in the maximum intercuspal position.
The plaster models used in the investigation were obtained from patients showing mixed dentitions, representing the main orthodontic treatment age. Since abrasion of tooth structure can be considered a regular process that strongly influences morphology [10] , only teeth of young people without signs of malfunction (grinding, pressing or abrasive habits) were used in the investigation.
The inclusion criteria were defined as follows:
• For the group of Europeans and the group of Asians: no patients with syndromes or other craniofacial or dental malformations or systemic diseases
• For the group of European cleft patients: unilateral complete cleft lip and palate
• Normal development of dentition and vertical adjustment of the teeth
• No hypoplastic teeth, no anomalies in tooth shape, no anomalies in number of teeth, no prominent Cusp of Carabelli; four-cusp molars in the maxilla and five-cusp molars in the mandible
• Identifiability of all measurement points
• No abrasions
• No fillings, fissure sealings or prosthetic restoration
• No previous orthodontic treatment with multibracket appliances
The use of such strict inclusion criteria meant that most plaster models were ill-suited for the study.
Based on these criteria, 40 models-11 European, 13 Asian, 16 European with unilateral cleft lip and palate, as described in Table 1 -were evaluated. The study has an 80% statistical power of detecting a difference of 0.512 (effect size) at alpha = 0.05. In general, conclusions based on the results of this study should be made with caution.
Owing to the small number of models that met the inclusion criteria, the unequal gender distribution was deemed acceptable in order to avoid reducing the sample size any further.
The overjet, overbite and dental arch width (Mühlberg analysis [11] ) were measured to further characterize the groups ( Table 2) .
The three-dimensional measurement of the models was performed using a reflex microscope (Reflex Measurement Ltd, London, UK) with a 15x magnification, as introduced by Scott [12] .
The measurement points (Fig 1, Table 3 ) in this investigation were selected based on earlier studies by Gómez-Robles et al. [13] and Hartmann [14] . The software C3D (Reflex Measurement Ltd, London, UK) was used to trace the xyz-coordinates for all measurements and to calculate the distances and angles.
Statistical analysis was performed using SPSS Statistics 19 (IBM-Armonk, NY, USA) and R 2.12.2 (http://cran.r-project.org). Palaeontological Statistics (PAST) [15, 16] were employed to conduct analysis using geometric morphometry.
For the test results, p 0.05 was determined to be statistically significant ( Ã ).
Traditional morphometry
The measured distances and angles were calculated in three dimensions for each tooth. The specific distances and angles are shown in Fig 2 and described in Table 4 . The measurement points were selected based on the work of Hartmann [14] , Polychronis et al. [17] and Singleton et al. [18] . Distances were defined as connecting lines between cusp tips (occlusal polygon) as suggested by Peretz et al. [19] and Bailey [20] . The calculated distances represent the mesio-distal and bucco-lingual distance of cusps and their angular relations. 
Geometric morphometry
Geometric morphometry is a collection of methods used to describe and analyze spatial morphological variations in biological structures [21] . Separate individuals and groups can be described and compared based on corresponding measuring points. First the centroid size was calculated for each tooth with reference to the xyz-coordinates. This is defined as the square root of the sum of the squared distances of the measuring points from the centroid [22] . This enabled the information on size to be preserved. Afterwards, the coordinates were scaled and rotated to a unified coordinate system using Procrustes transformation. The measuring points were then depicted in a scatterplot and compared statistically [23] . Geometric morphometry has already been used in studies within general dentistry and orthodontics. Detailed explanations for this method can be found in ibid [24] [25] [26] .
To make computation more efficient, a principal component analysis (PCA) was performed. PCA is a procedure for detecting hypothetical variables which explain as much as possible the variance in a multidimensional dataset. The new variables are linear combinations of the original variables.
Results

Traditional morphometry-Distances and angles
No differences between the right and left side were found for the measured distances and angles in any of the groups (Table 5 ). The standard deviations are within a range of 0.2 to 0.8mm and 5˚to 9˚. Patients with unilateral cleft lip and palate showed no difference between the cleft and non-cleft side (Table 6 ). For these reasons, the right and left sides were pooled for the subsequent analysis of group differences. The different groups were compared by performing a t-test for unpaired samples since the measured values presented a normal distribution.
When comparing the study groups (Table 7) , no differences in the maxilla were found between the group of Europeans and the group of cleft individuals. However, the mandible exhibited a significantly smaller F_J_O angle in cleft patients. Differences in the maxilla of Asians and Europeans was found, with Asians having a significantly increased R_F distance (bucco-lingual width).
Geometric morphometry
Centroid size (CS).
The paired t-test was used to study right/left differences in the centroid size of pooled groups at a given normal distribution (left: p = 0.8538, right: p = 0.1684, Shapiro-Wilk test). No significant differences in the sides were found for the maxilla (CS left = 23.92, CS right = 23.97, p = 0.86726). Likewise, the mandible showed no significant differences between the sides (CS left = 18.9, CS right = 18.96, p = 0.82382). For patients with cleft lip and palate, no significant difference between the cleft side and non-cleft side was found in the maxilla (CS cleft = 23.2; CS noncleft = 23.4; p = 0.50737) and mandible (CS cleft = 18.4; CS noncleft = 18.6; p = 0.51 529)
Comparing the three groups (Fig 3) , Europeans differed from Asians (p = 0.0022, ANOVA, Mann-Whitney pairwise), and cleft patients also differed from Asians (p = 0.0001). As expected, there was no difference (p = 0.7325) between Europeans and (also European) cleft patients.
The maxillary first molar was significantly larger in the group of Asians. Similarly, there was a significant difference in the mandible between Asians and Europeans (p = 0.03203) and Asians and cleft patients (p = 0.002532). Cleft patients did not differ from non-cleft Europeans (p = 0.3845).
Shape. The 3D-coordinates were converted using Procrustes Transformation. Further analysis was performed using PCA. Groups were compared by means of NPMANOVA, a non-parametric test that compares groups on the basis of distances (here: Euclidean distances).
The shape of the maxillary molar differs significantly between Asians and cleft patients (p = 0.0011, Bonferroni-corrected, 9999 permutations), but not between Asians and Europeans (p = 0.1169) or Europeans and cleft patients (0.0769). The difference between the group of Asians and cleft patients is mainly due to a mid-distal compression and a slight elevation of the cusp in relation to the gingival portion (Fig 4) .
In the mandible, no differences between Europeans with and without cleft formation (p = 0.444) were found; however, the group of Asians differed significantly from both Europeans (p = 0.0009) and Europeans with cleft formation (p = 0.0006). The characteristic morphological difference in Asians is a bucco-lingual extension (Fig 4) .
When analyzing the separate groups, no significant right/left differences were found in the maxilla (Europeans p = 0.7105; Asians p = 0.4708; cleft patients p = 0.1688) or in the mandible (Europeans p = 0.162; Asians p = 0.7551; cleft patients p = 0.9842).
Furthermore, the group of cleft patients showed no significant differences in molar shape between the cleft and non-cleft sides (p = 0.2193).
In the principal component analysis (PCA), the first six components are considered relevant (broken stick in scree plot at 6, Fig 5) . The variance in shape in relation to the axis of the main components (principal component, PC) is shown in Table 8 . 
Discussion
Critique of methodology
The low number of models in this study can be attributed to the high occurrence of fissure sealants and occlusal fillings, especially in the group of cleft patients. Moreover, cleft patients exhibit a high prevalence of caries and insufficient vertical development with abrasions of M1 [27] . Therefore, owing to the strict inclusion criteria, only 16 models were selected from a sample of 450 cleft patient models.
The prevalence of tooth wear is also high in children and adolescents: 30% of 14-year-old school children show abrasions with exposure of dentin [28] .
The gender distribution in each study group is unbalanced, but consistent between the groups. Nevertheless, any identified gender differences should be interpreted with caution. Statements on sexual dimorphism of teeth are inconsistent. The teeth of male individuals are about 2-6% larger on average [29] . However, according to previous studies, only the canines consistently show features of sexual dimorphism [12] . No differences in molar shape were found between genders [30] . Evaluating female and male teeth as one group rather than separately based on gender can consequently be justified. Scatterplot. Scatterplot representing the first two components of the PCA (max = maxilla; mand = mandible; color coding: gray/ black = Europeans, red = Asians, blue = cleft patients). However, the first three components only explain 30% of the variance in the maxilla and 34% in the mandible. Additionally, the deforming action of PC1 and PC2 for the maxillary first molar (+1.5 to -1.5) and mandibular first molar (+2 to -2) is shown in the 2D projection as a thin-plate spline (color coding: red = expansion, blue = contraction).
https://doi.org/10.1371/journal.pone.0185472.g005 Characterization of groups based on orthodontic metrics
The measurement values for the group of Europeans were consistent with the expected average values of a population sample. Overbite and overjet were slightly increased, as was the prevalence of Angle Class II relationships, since some models were taken from patients prior to orthodontic treatment [31] . An enlarged middle transverse width was striking in the group of Asians. In contrast, the group of cleft patients showed significant sagittal (overjet) and transverse deficiencies. The high standard deviations in the group of cleft patients, particularly in the maxillary anterior dental arch width, are attributable to the highly individual characteristics of cleft formation [32] . It should be noted that orthodontic pre-treatment in the group of cleft patients had been done with removable appliances only.
Traditional morphometry
Reflex microscopy is a contactless, three-dimensional coordinate measurement that uses a projected laser spot. It has a measurement error of less than 0.15 mm [33] . Previous studies have proven the suitability of using reflex microscopy on models with cleft lip and palate [34] [35] [36] and for measuring tooth morphology [37] . The measurement of distances and angles showed no significant left-right differences. In cleft patients, the asymmetry of the anterior tooth widths was associated with the general instability of development [38] . A differentiation of the cleft/non-cleft sides (Table 6 ) showed no abnormalities. When comparing the ethnic groups in this study, significant differences were found, particularly in the mandible. Asians were found to have larger teeth in all dimensions, especially in the mandible. Our results therefore suggest that ethnicity may affect tooth width. Its influence on the dental arch form and size has already been reported in the literature [39, 40] . As a result, analyses that are based on the comparison of different tooth widths are not transferable to other populations [41] . This corresponds to the results of Hasegawa et al. [42] .
Geometric morphometry-Centroid size
The group of Asians presented a significantly greater centroid size in both the maxilla and the mandible. This could be due to an actual enlargement (which also corresponds with clinical experience) or it could be influenced by the unequal gender distribution. The identified differences support the studies of Endo et al. [41] and Hasegawa et al. [42] .
Geometric morphometry-Shape
Methods of geometrical morphometry provide considerably more information than linear measurements [43] . In this study, the entire morphology of the crown was mapped by measuring points. This method, based on molar morphology, offers significant advantages for detecting similarities and differences between population groups.
No signs of directional asymmetry of the maxillary or mandibular molars were found in this study. This corresponds to the findings of Noss et al. [44] . Furthermore, no differences in molars were detected with regard to the cleft side. Thus, nonlocal mechanisms seem to be responsible for dental anomalies in cleft patients [45] .
Cleft lip and palate and first molars
Kraus et al. [46] described numerous anomalies, including shape abnormalities, in maxillary and even mandibular teeth associated with cleft formation. Animal experiments also confirm an association between MSX1 mutation, orofacial clefts and aplasia of teeth [45] . Despite these references to additional complex effects, the present study suggests that the process of cleft formation 2. Are there differences between the right and the left side of the dental arch?
3. There was no evidence of side-to-side differences based on the available data.
Does unilateral clefting influence the morphology of molars?
A unilateral cleft does not seem to affect the morphology of molars.
Conclusion
Unilateral clefting did not affect the size and shape of molars. By contrast, ethnic differences in the size and shape of teeth were confirmed. The results are relevant for orthodontic treatment that uses preadjusted appliances and prosthetic CAD/CAM restorations.
Most modern orthodontic multibracket-appliances are preadjusted to a set "average" tooth morphology. In patients with a tooth morphology that does not correspond exactly to the one the appliance was programmed for, individual adjustments are imperative in order to align the teeth in an ideal position. From this perspective, the results support the use of fully customized CAD/CAM manufactured appliances in orthodontics. In terms of the automatic generation of restorations, ethnic differences should be considered and the morphologies proposed by algorithms that are based on a particular ethnic group should not be applied uncritically to another ethnic group.
However, the lack of evidence of side-to-side differences does allow the possibility of mirroring crowns or brackets/attachments in a CAD/CAM workflow. 
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